We report the measurement of field-field and photon-photon correlations of light scattered by two InAs quantum dots separated by ≈40 µm. Near 4 K a large fraction of photons can be scattered coherently by each quantum dot leading to one-photon interference at a beam splitter (visibility ≈20%). Simultaneously, two-photon interference is also observed (visibility ≈40%) due to the indistinguishability of photons scattered by the two different quantum emitters. We show how spectral diffusion accounts for the reduction in interference visibility through variations in photon flux.
We report the measurement of field-field and photon-photon correlations of light scattered by two InAs quantum dots separated by ≈40 µm. Near 4 K a large fraction of photons can be scattered coherently by each quantum dot leading to one-photon interference at a beam splitter (visibility ≈20%). Simultaneously, two-photon interference is also observed (visibility ≈40%) due to the indistinguishability of photons scattered by the two different quantum emitters. We show how spectral diffusion accounts for the reduction in interference visibility through variations in photon flux. Introduction.-Interference is at the heart of all optical phenomena, epitomized by Young's double-slit experiment, a classical wave effect. In quantum optics, it is the probability amplitudes of photon trajectories that interfere, not the photons themselves. As an analogy to Young's experiment Eichmann et al. first observed fringes on a screen positioned at a fixed distance from two trapped ions due to one-photon interference [1] . In contrast to Young's classical experiment, however, interference fringes could be observed only at low laser intensities, at which the photons are scattered coherently in the absence of absorption and re-emission [2] . Quantum mechanically, if an ion were to undergo a transition to its excited state during the scattering process then it would become possible to determine which of the two ions emitted the photon. Thus such a case should not yield any interference fringes.
Despite an absence of one-photon interference, however, two-photon interference may still be observed. Hong et al. first showed that single photons with indistinguishable spatial properties, temporal properties and polarizations impinging simultaneously on a 50/50 beam splitter always exit together due to an interference of probability amplitudes [3] . This type of interference, now verified extensively with atoms [4, 5] , ions [6] , single molecules [7] , and solid-state quantum emitters [8] [9] [10] [11] [12] is expected to play an important role in the realization of quantum networks, in which remote, often dissimilar, quantum systems must be connected [13] . While one-photon interference may be observed using classical sources, two-photon interference requires quantum light sources although the latter does not preclude the former.
We show here that near-resonant light scattering from two solid-state two-level systems exhibits both one photon and two-photon interference. The two-level systems we use are InAs quantum dots (QDs) in the same semi- * Electronic address: mullera@usf.edu conductor chip separated by ≈40 µm. In contrast to prior two-photon interference measurements using photoluminescence (PL) [9] [10] [11] [12] identical resonance frequencies for the two emitters are not required because by virtue of the scattering process, the emission spectrum is centered at the laser frequency, not the natural frequency of the two-level system [2] . We show that in fact the scattered light spectra for the two QDs can have large overlap provided the laser frequency is suitably chosen to lie in between the resonance frequencies of the two QD transitions. Under such conditions, the only limiting factor to sizeable interference fringe visibility is spectral diffusion which causes flickering of the scattered light intensity. A simple statistical analysis provides close agreement with our experimental observations of one-photon (≈20%) and two-photon (≈40%) visibilities.
Experiments.-Our sample, containing InAs QDs at the center of a planar optical microcavity, is described in [15] . With narrow linewidths [16] , InAs QDs have revealed unique features of a quantum-coherent system, such as the Mollow triplet [14, [17] [18] [19] [20] . Figure 1 illustrates our experiment for probing interference of light scattered by two spatially separated QD emitters, labelled "QDL" and "QDR" at T =3.8 K. In each QD, the transition from a ground (|0 ) to an excited (|1 ) state (natural frequency ω 0 ) is near-resonant with an incident monochromatic laser of frequency ω [ Fig. 1(a) ]. Here state |1 is a neutral excitonic state. The light scattered by QDL and QDR is separated, recombined at a beam splitter, and analyzed by two single photon detectors and photon counting instrumentation.
The spectral characteristics of QDL and QDR are shown in Fig. 2 . As is seen in an image of the sample surface [ Fig. 2(a) ], the QDs are separated by about 40 µm and are well isolated from any background scatterers. The excitation spectra of Fig. 2(b) , obtained by scanning the laser frequency and recording the total scattered light intensity, further reveal that the resonance frequencies of QDL and QDR differ by about 0.6 GHz. Even under power-broadened conditions, the overlap of the two spec- tra is modest. Here the Rabi frequency, Ω, was increased by increasing the laser intensity. However, despite this incomplete overlap, the spectra of the light scattered by QDL and QDR, shown in Fig. 2 (c), are almost identical when the laser detuning, ∆ω = ω−ω 0 , is suitably chosen, i.e. ∆ω QDL = −∆ω QDR when Ω QD1 = Ω QD2 . The spectra of Fig. 2 (c) show the familiar evolution from coherent to incoherent scattering [15, 21, 22] . One-photon interference was investigated by recording field-field correlations via the light intensity at the output of the beam splitter in Fig. 1(b) . The relative path length travelled by the light scattered by QDR was varied with a piezoelectric actuator. The resulting fringe contrast, obtained as the difference between the intensities at the beam splitter outputs divided by their sum, is shown in Fig. 3 . When interfering the signals from the two QDs [ Fig. 3(a-c) ], fringe contrasts are as large as 20% whereas replacing one of the inputs with a local oscillator [ Fig. 3(d-f) ] increases the fringe contrast to about 50%. Note that in PL experiments, which lack a well-defined phase relationship between the incident laser and the emitted light, no such interference is ever possible. It is the coherent part of the scattered light, illustrated by the shaded part of the spectra in Fig. 2(c) that gives rise to the fringes. Two-photon interference was investigated by recording correlations between photons from the two beam splitter output ports. Experimental second-order correlation 
functions, g
(2) (τ ), are shown in Fig. 4 , for light from each QD alone [ Fig. 4(a) ], for light from both QDs with parallel polarizations [Fig. 4(b) ], and for light from both QDs with perpendicular polarizations [Fig. 4(c) ]. The raw interference visibility is as large as 44%, but is limited here by g (2) (0) which is increased from zero primarily due to the detectors' finite resolution. The detectors' instrument response function (IRF), shown in the upper left panel of Fig. 4(a) , has been convolved with the theoretically expected g (2) (τ ) to obtain the solid lines in Fig.  4(a) [15] .
Both one-photon (Fig. 3 ) and two-photon (Fig. 4 ) interference visibilities differ significantly from those expected from two ideal radiatively-broadened two-level quantum systems. For the former we expect almost unity fringe contrast at sufficiently low laser power, i.e. when most of the light is scattered coherently. For the latter, we expect g ⊥ (τ ) ≈ 0.5 and g (2) (τ ) ≈ 0. Nonetheless, the data of Fig. 3 and 4 provide for the first time clear evidence of strong coalescence of two single photons resonantly scattered from two remote solid-state emitters. Theoretical analysis.-We carried out a statistical analysis that accounts for the fluctuations of QD resonance frequencies due to spectral diffusion [15, [23] [24] [25] [26] . Spectral diffusion is often directly visible in the form of fluctuations of the scattered light intensity, as seen in Fig. 5(a) . These fluctuations occur as a result of random Stark shifts, of magnitude δ Stark , of the homogeneously-broadened excitonic resonance. The homogeneous linewidth, κ, is set by radiative relaxation with decay constant τ = 1/κ [16, 27] . Typically τ ≈ 0.9 ns, so κ/2π ≈ 180 MHz. The total scattered light intensity as a function of laser detuning (integrated over all detection frequencies) is then given by [2] :
which is the population inversion at times long compared to the quantum evolution of the two-level system, but short compared to the spectral diffusion timescale. We thus assume a Stark shift that is static on the timescale of the quantum evolution of the two-level system, a justification for which can be found in [15] . The intensity of the coherent portion of the scattered light is given by [2] :
(2) where α ∞ is the steady-state coherence of the two-level system.
Both linear and quadratic Stark shifts are found in QDs [29] [30] [31] . Thus, in general, δ Stark (V ) ≈ c 1 V + c 2 V 2 . If we assume that the electrical potential, V , at the location of the QD is fluctuating around zero (without loss of generality) following a normal distribution,
2 /σ √ 2π, then we can find the average value of the intensity as,
where g(V ) = n ∞ (δ Stark (V )). By comparison of Eq. (3) with the excitation spectra of Fig. 2(b) we obtain best fit parameters, c 1 and c 2 , which are tabulated in [28] . There, a justification for our model is given and it is shown that while the linear term in the Stark shift is dominating, the quadratic term gives rise to the slight asymmetry of the excitation spectra, visible in Fig. 2(b) for large Ω. The distribution of the intensity of the scattered light is found as P I (I) = P V (g −1 (I))
is the inverse of the function g. P I (I) is obtained experimentally as the histogram of the time trace in Fig.  5(a) , shown in Fig. 5(b) . The histogram closely follows the expected theoretical expression plotted as a solid red line in Fig. 5(b) . With the distribution function, P I (I), we can calculate the theoretically expected fringe contrast for the data in Fig. 2 . The one-photon fringe visibility, V (1) , is given by the normalized first-order correlation function of the two fields at the beam splitter, as
(k = 1, 2) are the amplitudes of the electric field of the two waves entering the beam splitter. The corresponding average intensities are given by I k = U * k U k . When one of the fields is the scattered light from a QD and the other is a local oscillator (LO) with the same average intensity, then
Similariliy, if the two fields correspond to the scattered light from QDL and QDR, respectively, with mutually [28] , we obtain the values summarized in Table I . Theoretical visibilities of the second-order interference experiment of Fig. 4 can be calculated in a similar manner, starting from an expression for the second-order correlation function written in terms of the autocorrelation functions of the constituent signals [7] . In particular, at τ = 0, g (2)
where
is the intensity of the light scattered from QDL (QDR) and g
R (τ )] the corresponding secondorder autocorrelation function. With the known probability distribution function of Eq. (4), time averages, g (2) ⊥ (τ ) and g (2) (τ ) , can be obtained as in Eq. (3).
The theoretically calculated g
⊥ (0) =0.3 (Ω/2π=0.12 GHz) is in close agreement with the observed value in the upper right panel of Fig. 4 .
Discussion.-Although our model does not precisely describe the experimental one-photon and two-photon visibility, it qualitatively captures its main limiting factors. In the absence of spectral diffusion, the one-photon interference visibility is expected to reach unity when Ω κ, i.e. when most of the light is scattered coherently, and vanish when Ω κ. Spectral diffusion affects this visibility by causing an increase in the fraction of coherently scattered light, as shown in [15] , and by introducing a flickering of the scattered light intensity, which causes an "apparent" reduction in visibility due to variations in photon flux at the beam splitter. The two-photon interference visibility, on the other hand, is expected to be unity for any Ω, but is reduced in the presence of spectral diffusion due to variations in photon flux at the beam splitter. For large Ω, the two-photon visibility is further affected by the finite time resolution of our setup, which makes the value of g (2) (0) seem larger due to the reduction in width of the anti-bunching dip.
Note that our simplified model relies on a number of assumptions [28] , ignoring anisotropic field fluctuations [32] and any contributions due to experimental factors such as interferometer misalignment or the fact that a small fraction of photons are always scattered incoherently due to interactions with phonons [33] . At 3.8 K, this fraction is about 5% [15] .
Conclusion.-We have probed interference of photons scattered by two InAs QDs that are spatially well separated. Despite their atom-like behavior, QDs are highly sensitive to their solid-state environment and small potential fluctuations can have a strong impact on their optical properties. Accordingly we find fringe visibilities significantly reduced from unity. However, the source of this reduction is extrinsic in the sense that it is due to an averaging process over many random realizations of QD detunings due to spectral diffusion. With removal or circumvention of spectral diffusion large visibilities may be expected, bringing about exciting opportunities for coherent control in solid-state systems. For example, with the neutral exciton transition replaced by a trion transition, remote entanglement of single spins may be achieved [5, 6] . Like other approaches [34, 35] , the one presented here could forgo, possibly in a scalable manner, the need for tuning independent quantum systems into spectral resonance in order to obtain two-photon interference [7, 10, 11] .
